The film property distributions along the thickness direction of the catalyst-generated atomic hydrogen (Cat-H*) treatment effects on hydrogenated amorphous silicon (a-Si:H) fabricated by plasma-enhanced chemical vapor deposition (plasma-CVD) and liquid-Si printing (LSP) were systematically investigated. The a-Si:H films fabricated by LSP (L-a-Si:H) had nanosize voids; however, these films showed a decrease in void size around the surface region after Cat-H* treatment, in contrast to stable plasma-CVD films without voids.
Introduction
Hydrogenated amorphous silicon (a-Si:H) is important for Si solar cells. We have been developing a-Si:H/microcrystalline Si tandem solar cells with a high deposition rate and a high conversion efficiency for a highly cost-effective photovoltaic system. We are developing nonvacuum fabrication techniques to reduce the cost of vacuum processes. The effects of atomic hydrogen treatment on a-Si:H for solar cells have been studied. 7), 15), 18) Tsuge et al. showed that wide-gap a-Si:H of device quality can be obtained by applying the atomic hydrogen treatment by plasma-CVD to a-Si:H deposited by plasma-CVD (P-a-Si:H). 7) The range of effects depended on the deposition and treatment temperatures. Masuda et al. reported that the photoconductivity of nondoped a-Si:H fabricated by LSP was improved by catalyst-generated atomic hydrogen (Cat-H*) from 1.5x10 -7 to 0.9x10 -5 S/cm, which is comparable to that of conventional nondoped a-Si:H. 15) Thus, the atomic hydrogen treatment is valid for the improvement of a-Si:H.
For the printed a-Si:H with device grade properties, Cat-H* treatment was effective and necessary.
The cost to fabricate a-Si:H by LSP and Cat-H* treatment is much lower than that to deposit P-a-Si:H.
The high-quality and low-cost a-Si:H was obtained to combine LSP and Cat-H* treatment. The effects of Cat-H* treatment on the optical and electric properties and hydrogen bonding configurations of L-a-Si:H and P-a-Si:H have been investigated. 17) Table Ⅰ shows the film properties of P-a-Si:H and L-a-Si:H before and after Cat-H* treatment. Cat-H* treatment largely improved the photoconductivities and increased optical gaps of L-a-Si:H; it also increased the ratio of Si-H bonds and decreased the ratio of Si-H 2 bonds, in contrast to P-a-Si:H, in which the ratio of Si-H 2 bonds increased. These film properties were averaged in the film thickness direction; however, these films are likely to have property dis-tributions along the thickness direction because Cat-H* treatment is carried out after fabricating a-Si:H films. In this study, we revealed the thickness direction distribution of the effects of Cat-H* treatment on L-a-Si:H. Additionally, we improved the performance of a-Si:H solar cells with L-a-Si:H. To reveal the thickness direction distribution of the hydrogen concentrations, secondary ion mass spectrometry (SIMS) was used. To detect the thickness direction distribution of voids, the Doppler broadening spectra of the positron annihilation radiation were measured as a function of the incident positron energy. The low-momentum part of the spectra was characterized by the S parameter, which was defined as the number of annihilation events over the energy range of 511 keV ±ΔE (where ΔE = 0.76 keV). This S parameter reflects the size of vacancy-type defects. 26)-28) The S-E curve was fitted using
Experimental procedure
where F s (E) is the fraction of positrons annihilated on the surface and Additionally, p/i buffer was inserted to suppress the plasma damage on liquid-Si-printed a-Si:H, as shown in Fig. 4(d) . 16 ) As a result, we achieved a conversion efficiency of 1.1% with n side incidence and that of 3.1% with p side incidence. It was obvious that plasma damage by the B-doped layer deposited by plasma-CVD affected the LSP film as an active layer, and that the p/i buffer could prevent the damage.
Conclusions
The thickness direction distributions of the effects of Cat-H* treatment on L-a-Si:H were systematically investigated and compared with those on P-a-Si:H. L-a-Si:H had nanosize voids, while P-a-Si:H had no voids. L-a-Si:H was strongly affected by Cat-H* treatment, whereas P-a- 
